Introduction {#Sec1}
============

Major depressive disorder is a main cause of disability that severely diminishes psychosocial functioning and affects quality of life \[[@CR1]\]. Clinical studies have demonstrated an increased risk of depression, accompanied by dramatic changes in reproductive hormones during the menopause transition \[[@CR2]\]. The waning neuroprotective effect of estrogen is recognized as a main cause of menopausal depression \[[@CR3], [@CR4]\]. However, the effectiveness of estrogen replacement therapy, as part of the therapeutic armamentarium for menopausal depression, is still controversial \[[@CR5], [@CR6]\]. Several large clinical trials such as the Women's International Study of Long-Duration Estrogen after the Menopause, and the Women's Health Initiative Study of Cognitive Aging, have demonstrated that estrogen therapy does not have an effect on mood regulation in postmenopausal women \[[@CR7], [@CR8]\]. These studies suggest that other hormones are involved in the risk of menopausal depression. Thus, it is worthwhile to investigate the role of other reproductive hormones, including follicle-stimulating hormone (FSH), in the development of menopausal depression.

FSH, a gonadotropin that triggers estrogen production, has been described to have significant extragonadal physiological functions, including promoting hepatic gluconeogenesis \[[@CR9]\] and adipocytic lipid biosynthesis \[[@CR10]\]. Higher FSH levels in the menopausal transition are associated with changes in brain function, such as sleep disturbance \[[@CR11]\]. However, the association between FSH levels and mood disorders, including menopausal depression, is still unclear. Indeed, studies have reported that FSH levels in postmenopausal depressed women are higher, lower or unchanged compared with those in control women \[[@CR12]--[@CR14]\]. These contradictory results have driven us to investigate whether and how FSH affects menopausal depression in women.

FSH stimulates glutathione synthesis to increase antioxidant defense in rat/mouse ovarian follicles and granulosa cells, which are sensitive to oxidative stress-related damages \[[@CR15]--[@CR17]\]. The literatures have shown that oxidative stress plays a fundamental role in the etiology of depression \[[@CR18], [@CR19]\]. In the current study, we found that *Fshr*^*−/*−^mice exhibited more severe oxidative stress in the whole brain and increased depression-like behaviors, which were abrogated by the ROS scavenger NAC. Moreover, FSH signaling regulated the ROS balance by upregulating glutathione synthesis and promoting the NADP/NADPH transition in the phosphate pentose pathway. These findings reveal a novel role of FSH signaling in pathogenesis of menopausal depression in women.

Materials and methods {#Sec2}
=====================

Animal experiments {#Sec3}
------------------

Eight-week-old female C57/B6 *Fshr*^−*/*−^ and *Fshr*^*+/+*^ mice (Wuhan Kangweida Gene Technology Company, China) were subjected to ovariectomy. The mice were housed at 24 °C on a 12:12 h light/dark cycle and provided standard chow and water ad libitum. Animal experiments were approved by the Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong University. After ovariectomy, NAC (150 mg/kg weight) or vehicle (saline) was administered i.p. to *Fshr*^−*/−*^ and *Fshr*^*+/+*^ mice every day for 12 consecutive weeks.

Behavior test {#Sec4}
-------------

### (1) Forced swim test (FST) {#Sec5}

A mouse was placed in a plastic cylinder (45 cm high × 20 cm in diameter) filled with water (23--24 °C; 28--30 cm deep), and allowed to swim freely. Immobility was defined as floating without movements other than those necessary for the mouse to balance its body and keep its head above the water. Immobility time was quantified during the last 4 min of the 6 min test by the SMART system (Panlab Harvard Apparatus, Barcelona, Catalonia, Spain) \[[@CR20]\].

### (2) Elevated plus-maze (EPM) test {#Sec6}

The maze was cleaned with 70% ethanol before each mouse was tested. Then, a mouse was placed in the center square (10 cm × 10 cm) of the maze facing one of the open arms (40 cm above the floor). The number of entries and time spent in both open arms (30 cm × 5 cm) and the enclosed arms (30 cm × 5 cm with 15 cm-high walls) were recorded by the SMART system (Panlab Harvard Apparatus) for 5 min \[[@CR20]\]. The percentages of open arm entries and time spent in the open arms were calculated as the number of open arm entries divided by the total number of arm entries and the time spent in the open arms divided by the total time, respectively \[[@CR21]\].

### (3) Tail-suspension test (TST) {#Sec7}

Mice were suspended individually by the tail with adhesive tape as described previously \[[@CR21]\]. The duration of immobility over the 6 min test period was recorded. Immobility was defined as when the mouse hung passively and motionless, and immobility time was quantified during the last 4 min of the 6 min test by the SMART system (Panlab Harvard Apparatus) \[[@CR20]\].

### (4) Sucrose preference test {#Sec8}

Mice were individually habituated to a bottle containing 1% sucrose and a second bottle containing water on either side of the cage, and the placement of the bottles was changed every day. During the first 3 days, baseline sucrose and water intake were recorded. After deprivation of both food and water for 24 h, the mice were exposed to a bottle containing sucrose and a bottle containing water, but not food, for 12 h. Sucrose preference was expressed as (sucrose/(sucrose + water)) × 100% \[[@CR22]\].

### (5) Morris water maze (MWM) {#Sec9}

The maze was a circular pool (120 cm in diameter) filled with water (22--23 °C; 50 cm in depth) that was made opaque with nontoxic Crayola paint. The maze was divided into four quadrants (southwest, southeast, northwest, and northeast). For hidden platform training, a 10 cm diameter platform was placed 25 cm from the wall and 2 cm below the surface of the water in the center of the southwest quadrant. The mice received four training sessions (entry locations: north, south, east, and west) daily for 5 consecutive days. The maximum time allowed per training session was 60 s. For the probe trial on day 6, the platform was removed and the mice were placed in the northeast quadrant and allowed to swim freely for 60 s. The time spent in each quadrant, the latency to reach the platform, the distance traveled to reach the platform and mean swim speed were quantified by the SMART system (Panlab Harvard Apparatus).

### (6) Open field test (OFT) {#Sec10}

The OFT was a white Plexiglas box (40 cm × 40 cm × 40 cm), and the mice were allowed to move freely in the box for 6 min. The total distance traveled by the mice was recorded by the SMART system (Panlab Harvard Apparatus) \[[@CR23]\].

### (7) Rotarod test {#Sec11}

The rotarod test was used to evaluate the activity of the mice and was performed according to previous studies \[[@CR24]\].

Immunostaining {#Sec12}
--------------

The primary antibodies were used in this study: FSHR (OM188095, OmnimAbs, Alhambra, CA, USA), NeuN (ab104224, Abcam, Cambridge, MA, USA), GFAP (66190-1-Ig, Proteintech, Wuhan, China). Then, a corresponding secondary antibody was incubated for 1 h at room temperature. After washing, immunostaining was detected using a fluorescence microscope (Image A2 Zeiss, Oberkochen, Ostalbkreis, Germany).

Immunoblotting {#Sec13}
--------------

Protein was extracted from hippocampal tissues or N2a cells, separated by 10% SDS-PAGE and transferred to PVDF membranes (Merck Millipore, Darmstadt, Germany). After incubation for 1 h with 5% nonfat milk in TBST at room temperature, the following primary antibodies were used: G6PD (12263, CST, Danvers, MA, USA), GCLM (14241-1-AP, Proteintech, Wuhan, China), GCLC (12601-1-AP, Proteintech), and β-actin (60008-1, Proteintech). Then membranes were incubated with secondary antibodies at room temperature for 1 h. Finally, the immune complexes were detected by chemiluminescence.

Enzyme immunoassay {#Sec14}
------------------

A mouse estradiol-sensitive ELISA kit (DE4399, Demeditec, Kiel, Germany), a testosterone ELISA kit (csb-E05101m, Cusabio, Wuhan, China), and an FSH ELISA kit (KA2330, Abnova, Taiwan, China) were used to measure the concentrations of estradiol, testosterone, and FSH in the serum according to the manufacturer's instructions.

GSH assay {#Sec15}
---------

The GSH assay (S0053, Beyotime, Shanghai, China) was performed according to the manufacturer's instructions. GSH concentrations were calculated as the total glutathione concentration minus two times the GSSG concentration. After the GSH or GSSG concentration was divided by the amount of total protein, the GSH/GSSG ratio was calculated.

Cell culture and treatment {#Sec16}
--------------------------

### Measurement of cellular ROS by Mitosox {#Sec17}

N2a cells were purchased from Shanghai Institutes for Biological Sciences and cultured in high-glucose DMEM (11965-092, Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum. N2a cells grown on glass-bottom dish (D35-10-1-N, Invitrogen, Waltham, MA, USA) were pretreated with or without 50 ng/mL FSH (HOR253, Prospec, Rehovot, Israel) for 2 h and then exposed to 200 µM H~2~O~2~ for 1 h. Mitochondria and nuclei were stained with MitoTracker (green, 1:2500, Beyotime, Shanghai, China) and Hoechst (blue, 1:2500, Beyotime, Shanghai, China), respectively. ROS was detected by Mitosox (red, 1:1000, Invitrogen, Waltham, MA, USA). The glass-bottom dishes were washed with PBS and observed using a laser confocal-scanning microscope (SM 780, Zeiss, Oberkochen, Germany). The fluorescence intensity of cellular ROS was analyzed by ImageJ software, and two investigators randomly chose 10--15 cells from each group for calculation.

Mitochondrial respiration and glycolysis {#Sec18}
----------------------------------------

The effects of FSH on mitochondrial respiration and glycolysis in N2a cells were evaluated by an XF96 Extracellular Flux analyzer (Seahorse Bioscience, N Billerica, MA USA), which measured the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). Cells were plated at a density of 1 × 10^5^ cells/well in a 96-well culture plates and incubated in growth medium for 24 h. Then the cells were treated with FSH (50 ng/mL) or vehicle for 12 h. Then, a mitochondria stress test and glycolysis stress test were performed to assess the key parameters of mitochondrial function and glycolytic flux according to the manufacturer's instructions. The OCR and ECAR values of each well were normalized by the protein content. Data were analyzed by Seahorse XF Report Generator (Seahorse Bioscience, N Billerica, MA USA).

Statistical analysis {#Sec19}
--------------------

Continuous variables are expressed as the means ± standard deviations (SD). The differences between two groups were determined by Student's *t* test. Differences among multiple groups were detected using one-way ANOVA. *P* \< 0.05 was considered statistically significant.

Results {#Sec20}
=======

FSHR expression in depression-related brain regions {#Sec21}
---------------------------------------------------

To investigate the role of FSH signaling in depression, we first determined the expression of FSHR in brain regions that control depression-like behaviors. The immunofluorescence results showed that FSHR was present in neurons, but not astrocytes (Fig. S[1](#MOESM1){ref-type="media"}), in multiple depression-related regions, including the hippocampus, cortex, nucleus accumbens, amygdala, and prefrontal cortex (Fig. [1a--g](#Fig1){ref-type="fig"}), not in the bed nucleus of the stria terminalis or lateral habenula (Fig. [1h, i](#Fig1){ref-type="fig"}). Neurons in these regions are closely related to the occurrence of depression \[[@CR25]--[@CR27]\].Fig. 1The expression of FSHR in depression-related brain regions. **a** The CA1 region of the mouse hippocampus. **b** The CA3 region of mouse hippocampus. **c** The DG of the mouse hippocampus. **d** The cortex. **e** The nucleus accumbens. **f** The amygdala. **g** The prefrontal cortex. **h** The bed nucleus of the stria terminalis. **i** The lateral habenula. FSHR (red), NeuN (green, a marker of neurons), and DAPI (blue) immunofluorescence was detected under a fluorescence microscope

Ablation of FSHR leads to depression-like behaviors {#Sec22}
---------------------------------------------------

To explore whether FSH signaling is involved in the development of menopausal depression, we performed the FST, EPM, TST, and sucrose preference test to assess depression-related behavior in postmenopausal (ovariectomized) FSHR-null mice and found that *Fshr*^*−/−*^ mice exhibited a longer immobility time than control *Fshr*^*+/+*^ mice in the FST, indicating increased vulnerability to menopausal depression (Fig. [2a](#Fig2){ref-type="fig"}). No differences were found in the sucrose preference test, EPM, TST, and MWM (Fig. [2b--j](#Fig2){ref-type="fig"}). To rule out the possibility that the longer immobility time of FSHR knockout mice in the FST was due to general motor deficits, we investigated spontaneous activity by the open field test and assessed forced activity by the rotarod test. No difference was detected between FSHR knockout and wild-type mice in these two tests (Fig. [2k, l](#Fig2){ref-type="fig"}), suggesting that the immobility of FSHR knockout mice was likely due to depression-like behavior. Previous studies have reported that both estrogen and androgen are involved in the regulation of depression \[[@CR28], [@CR29]\]. To address this issue of the depression-like behaviors were possibly caused by the change of these hormones in *Fshr*^*−/−*^ mice, we next examined serum estradiol and testosterone levels in mice and found no significant difference in serum estradiol, testosterone or FSH levels or body weight between ovariectomized *Fshr*^*−/−*^ and *Fshr*^*+/+*^ mice (Fig. S[2](#MOESM2){ref-type="media"}). These results indicated that the depression-like behavior of *Fshr*^−*/−*^ mice is indeed, at least in part, due to the absence of FSH signaling.Fig. 2*Fshr*^*−/*−^ mice display depression-like behavior. **a** The immobility duration in the forced swim test. **b** Sucrose preference at baseline and after deprivation in the sucrose preference test. **c** The immobility duration in the tail-suspension test. Performance in elevated plus-maze, including time during which 30% the body was in an open arm (**d**) and the percentage of entries into the open arms (**e**). **f** The latency to reach the target in the training phase of the Morris water maze (MWM). Performance in the MWM probe trail, including latency (**g**), distance traveled in zone 3 (**h**), target crosses (**i**), and mean speed (**j**). **k** The total distance traveled in the open field test. **l** The latency to fall in the rotarod test. Each mouse is represented by a dot in the scatter plot, and the data are shown as the mean ± SD. \**P* \< 0.05

FSHR deficiency increases cellular oxidative stress {#Sec23}
---------------------------------------------------

Recent studies have found that oxidative stress is associated with the development of depression, including DNA damage, lipid peroxidation, and enzyme inactivation \[[@CR19]\]. Oxidative stress is a form of ROS imbalance in which ROS production overwhelms endogenous antioxidant systems including GSH levels. The GSH precursor NAC, an ROS scavenger, ameliorates depression-like behaviors in diabetic rats \[[@CR30]\] and stress-induced depression in mice \[[@CR31]\]. In rat and mouse ovarian follicles and granulosa cells, glutathione synthesis is increased by FSH stimulation, and ROS-induced apoptosis is thereby reduced \[[@CR16]\]. Indeed, we found that FSHR knockout mice displayed more severe oxidative stress, as the GSH/GSSG ratio of the whole brains of *Fshr*^−*/*−^ mice was much lower than that of control mice (Fig. [3a](#Fig3){ref-type="fig"}). Next, we injected NAC into *Fshr*^*−/*−^ and control mice daily for 12 weeks and found that the administration of the ROS scavenger NAC improved the depression-like behavior of *Fshr*^*−/−*^ mice in the FST (Fig. [3b](#Fig3){ref-type="fig"}) and enhanced GSH/GSSG ratio in the whole brain (Fig. [3c](#Fig3){ref-type="fig"}). Therefore, these results demonstrated that oxidative stress is at least partly responsible for the development of depression-like behavior in *Fshr*^−*/−*^ mice.Fig. 3FSHR ablation induces cellular ROS imbalance. **a** The GSH/GSSG ratio in brain tissues from *Fshr*^*+/+*^ and *Fshr*^*−/*−^ mice. The data are shown as the mean ± SD. \**P* \< 0.05, *n* = 7--8 per group. **b** The immobility duration in the forced swim test. Each mouse is represented by a dot in the scatter plot, and the data are shown as the mean ± SD. \**P* \< 0.05. **c** The GSH/GSSG ratio in the whole brains of *Fshr*^*+/+*^ and *Fshr*^−*/−*^ mice treated with NAC or vehicle. The data are shown as the mean ± SD. \**P* \< 0.05, *n* = 7--8 per group. **d** Mitosox, Hoechst, and MitoTracker staining in N2a cells. **e** The fluorescence intensity of Mitosox in N2a cells. The data are shown as the mean ± SD. \**P* \< 0.05, *n* = 12--15 per group

Next, we used FSH to pretreat N2a cells, a mouse neuroblastoma cell line expressing FSHR (Fig. S[3](#MOESM3){ref-type="media"}), and then induced cellular oxidative stress by the addition of hydrogen peroxide to observe the protective effect of FSH on cellular oxidative stress. The Mitosox fluorescence intensity, which reflects cellular ROS levels, showed that hydrogen peroxide-induced ROS levels were reversed by the addition of FSH, suggesting that FSH improves cellular oxidative stress (Fig. [3d, e](#Fig3){ref-type="fig"}). Together, these results indicated that FSH-FSHR deficiency is associated with oxidative stress in neurons and depression-like behaviors.

FSH promotes glutathione synthesis and the phosphate pentose pathway (PPP) {#Sec24}
--------------------------------------------------------------------------

To investigate how FSH-FSHR signaling regulates the ROS balance, we next evaluated GSH metabolism, including glutathione synthesis and the PPP. Indeed, the addition of FSH increased the protein level of glutamate cysteine ligase modifier subunit (GCLm), a rate-limiting enzyme of GSH synthesis, without altering the protein level of glutamate cysteine ligase catalytic subunit (GCLc) in vitro (Fig. [4a, b](#Fig4){ref-type="fig"}). Conversely, FSHR deletion reduced GCLm protein levels, but not GCLc protein levels (Fig. [4c, d](#Fig4){ref-type="fig"}). These results suggested that FSH-FSHR signaling regulates glutathione synthesis in neurons.Fig. 4FSH regulates GSH metabolism through glutathione synthesis and the phosphate pentose pathway. **a**, **b** The protein expression of the modifier subunit (GCLm) and glutamate cysteine ligase catalytic subunit (GCLc) in N2a cells treated with or without FSH for 2 h. GCLm and GCLc were detected by Western blot analysis (**a**). Grayscale values of protein expression were normalized to those of the control group (**b**). The protein expression of GCLm and GCLc in hippocampal tissues from *Fshr*^*+/+*^ and *Fshr*^*−/−*^ mice. GCLm and GCLc were detected by Western blot analysis (**c**), and the grayscale values of protein expression were normalized to those of *Fshr*^*+/+*^ mice (**d**). The protein expression of G6PD in N2a cells treated with FSH (50 ng/mL) or vehicle. G6PD was detected by Western blot analysis (**e**), and the grayscale values of protein expression were normalized to those of the control group (**f**). **g**, **h** The protein expression of G6PD in hippocampal tissues from *Fshr*^*+/+*^ and *Fshr*^−*/−*^ mice. G6PD was detected by Western blot analysis (**g**). The grayscale values of protein expression were normalized to those of *Fshr*^*+/+*^ mice (**h**). **i** A kinetic graph of mitochondrial stress tests in N2a cells treated with FSH (50 ng/mL) or vehicle. **j** Basal mitochondrial respiration, maximal respiration capacity, ATP production, and proton leak were measured under mitochondrial stress. The values represent the mean ± SD. \**P* \< 0.05, *n* = 10--15 per group. **k** A kinetic graph of glycolytic stress tests in N2a cells treated with FSH (50 ng/mL) or vehicle. Glycolytic capacity, glycolysis (**l**), and glycolytic reserve (**m**) measured by glycolytic stress tests. The data are shown as the mean ± SD. \**P* \< 0.05, *n* = 10--15 per group

The PPP, a basic NADPH-producing pathway, regulates ROS balance by controlling the content of GSH. The protein level of glucose-6-phosphate dehydrogenase (G6PD) (Fig. [4e, f](#Fig4){ref-type="fig"}) was dramatically enhanced by FSH supplementation, suggesting that the elevation of the PPP enhances NADPH production. Consistent with these observations, the genetic ablation of FSHR decreased the protein level of G6PD in vivo (Fig. [4g, h](#Fig4){ref-type="fig"}). Together, these data suggested that FSH regulates GSH metabolism by enhancing the rate-limiting enzyme of glutathione synthesis and the PPP.

In addition, the PPP is one of the pathways that regulate glucose metabolism, which is closely related to ROS balance \[[@CR32]\]. To further investigate the role of FSH in ROS balance, the two other glucose metabolism pathways, mitochondrial respiration and glycolysis, were evaluated in neurons. FSH-treated N2a cells showed reductions in the basal mitochondrial respiration rate, the maximal respiration rate, and ATP production, suggesting that mitochondrial respiration was inhibited (Fig. [4i, j](#Fig4){ref-type="fig"}). The glycolysis rate and glycolytic reserve were lower in FSH-treated N2a cells. The elevated ECAR induced by oligomycin was also suppressed by FSH supplementation, demonstrating that glycolytic capacity was inhibited by FSH (Fig. [4k--m](#Fig4){ref-type="fig"}). The inhibition of mitochondrial respiration and glycolysis by FSH supplementation is likely due to the enhancement of the PPP, as FSH promotes the diversion of glucose into the PPP but not mitochondrial respiration or glycolysis. Together, these data supported the hypothesis that FSH upregulates the PPP to mediate ROS balance.

Discussion {#Sec25}
==========

In the current study, FSH was shown to be involved in the pathogenesis of menopausal depression and mediate redox-optimized ROS balance in the central nervous system. FSHR ablation reduced GCLm and G6PD protein levels, leading to oxidative stress and thus depression-like behaviors. Consistently, FSH increased GCLm and G6PD protein levels and decreased ROS production. These findings provide preclinical evidence that the alteration of reproductive hormone profiles is closely associated with an increased risk of depression in women during the menopausal transition. The induction of depression-like behaviors by FSHR inactivation, implies that lower serum FSH levels during the menopause transition are likely to be associated with the occurrence of menopausal depression in women. Consistent with our results, several studies have reported that gonadotropin levels in postmenopausal depressed women are lower than those in controls \[[@CR13], [@CR33]\]. Conversely, higher FSH levels have been found to be associated with negative mood in women during the menopausal transition \[[@CR12], [@CR34]\]. The Study of Women's Health Across the Nation found that estrogen and FSH levels are not associated with depression, and cannot account for the correlation of menopausal status with depression \[[@CR29]\]. A recent preclinical study found that stress-induced depressive rats display higher FSH levels than control rats and presumed that increased FSH levels might be the cause of lower monoamine release \[[@CR35]\]. These contradictory results imply that menopausal depression is caused by a variety of risk factors such as genetic background, race, lifestyle, and stress events. In the present study, we found that the alteration of FSH signaling is associated with menopausal depression, likely through the regulation of ROS balance, which provides novel preclinical insight into menopausal depression.

This research reveals the vital role of FSH signaling in redox-optimized ROS balance, which is involved in the pathogenesis of depression throughout life. Consistently, congenital hypogonadotropic hypogonadism (CHH) caused by FSH deficits induces depression even before the menopause transition. Research from Sweden has shown that women with CHH are more likely to display depressive symptoms than women with common female factor infertility \[[@CR36]\], indicating that the FSH signaling affects mood throughout life. Likewise, there is an increased frequency of anxiety and depression in young male patients with CHH \[[@CR37]\]. Although the mechanism underlying depression in CHH patients is unclear, the increased morbidity of depression in CHH patients implies that FSH signaling is possibly involved in depression development during not only the menopause transition but also throughout life. Thus, further experiments are required to elucidate the effect of FSH signaling on mood in different phases of life, including puberty and mild age. In addition to oxidative stress, brain developmental disorders might be another possible cause of depression-like behaviors of patients with CHH and FSHR knockout mice. Therefore, inactivation of FSHR at different times is required to dissect the role of FSH signaling in depression during different phases of life.

FSH plays a vital role in energy metabolism. Higher serum FSH levels enhance hepatic gluconeogenesis \[[@CR9]\] and lipid biosynthesis \[[@CR10]\]. Blocking FSH with an FSHβ antibody or by FSHR inactivation induces thermogenic adipose tissue, reduces body fat \[[@CR38]\], and conserves bone mass \[[@CR39]\], providing a pharmacological target for treating menopause-related diseases. However, decreased cholesterol biosynthesis, which is induced by FSH signaling blockade \[[@CR40]\], causes demyelination in the central nervous system \[[@CR41]\]. Given that demyelination contributes to the initiation of depression \[[@CR42]\], the lipid dysmetabolism induced by FSHR inactivation is a possible cause of the depression-like behaviors of *Fshr*^*−/*−^ mice. Hence, neuron-specific FSHR knockout mice are required to explain the effect of FSH on mood. Importantly, our study indicated that treating menopause-related diseases by blocking FSH signaling may lead to side effects, including an increased risk of depression.

Emerging evidence has indicated that excess ROS play a pivotal role in the pathogenesis of depression. The protein level of GSH, a major antioxidant, is decreased in the brains of depressed patients \[[@CR43]\] and stress-induced rats \[[@CR44]\]. In our study, *Fshr*^*−/*−^ mice showed a lower GSH/GSSG ratio, indicating more severe oxidative stress in the absence of FSHR. GSH prevents stress-induced depression-like behaviors \[[@CR44]\]. NAC, the precursor of GSH and an ROS scavenger, attenuates the depression-like behavior of diabetic rats and stress-induced depressive mice. Behavior changes in diabetic rats and stress-induced depressive mice induced by NAC administration are associated with a reduction in oxidative stress in the hippocampus \[[@CR30], [@CR31]\]. Consistent with these studies, *Fshr*^*−/−*^ mice displayed depression-like behaviors that were attenuated by NAC, suggesting that oxidative stress, at least partially, induced depression-like behaviors. To better understand the depression-like behaviors of *Fshr*^−*/−*^ mice, further studies are required to elucidate how the absence of FSHR causes depression.

In conclusion, this study showed that FSHR inactivation induces depression-like behaviors, providing direct evidence that FSH signaling mediates the development of postmenopausal depression and the side effects of FSH signaling blockade. Moreover, FSH exerts potent antioxidant effects by regulating GSH metabolism, providing novel insight into the pathophysiology of menopause-related disease.
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